Objectives The aim of this study is to determine the effects of in vitro and in vivo high-dose radiotherapy on microhardness and associated indentation pattern morphology of enamel. Materials and methods The inner, middle, and outer microhardness of enamel was evaluated using three experimental groups: control (non-radiated); in vitro irradiated; in vivo irradiated. In vitro specimens were exposed to simulated radiotherapy, and in vivo specimens were extracted teeth from oral cancer patients previously treated with radiotherapy. Indentations were measured via SEM images to calculate microhardness values and to assess the mechanomorphological properties of enamel before and after radiotherapy. Results Middle and outer regions of enamel demonstrated a significant decrease in microhardness after in vitro and in vivo irradiation compared to the control group (p < 0.05). Two indentation patterns were observed: pattern A-presence of microcracks around indent periphery, which represents local dissipation of deformation energy; pattern B-clean, sharp indents. The percentage of clean microindentation patterns, compared to controls, was significantly higher following in vitro and in vivo irradiation in all enamel regions. The highest percentage of clean microindentations (65%) was observed in the in vivo irradiated group in the inner region of enamel near the dentin-enamel junction. Conclusions For the first time, this study shows that in vitro and in vivo irradiation alters enamel microhardness. Likewise, the indentation pattern differences suggest that enamel may become more brittle following in vitro and in vivo irradiation. Clinical relevance The mechanomorphological property changes of enamel following radiation may be a contributory component of pathologic enamel delamination following oral cancer radiotherapy.
Introduction
Radiotherapy is one of the common oral cancer therapies which may affect dental and oral health. High-energy X-ray radiotherapy that is used to kill the cancer cells can cause some oral complications including xerostomia, loss of taste, jaw trismus, radiation-related caries, and dentition breakdown [1] [2] [3] [4] [5] . While some of the complications are transient, dentition breakdown typically starts within the first year postradiotherapy and becomes more severe with time, negatively impacting the patient's quality of life [1] . Post-radiation dental lesions are different than caries in non-radiated patients. The lesions develop with initial loss of enamel near the dentinenamel junction (DEJ) leading to partial to total enamel delamination resulting in exposed dentin that is more vulnerable to subsequent decay [6, 7] .
Until recently, salivary gland damage and subsequent xerostomia were considered the most likely etiologies for post-radiation dentition breakdown [1, 2, 5] . However, our clinical research has indicated the severity of dentition breakdown is also linked to the individual tooth dose with three tiers of tooth dose-response [8] . Below 30 Gy, there is minimal tooth damage, between 30 and 60 Gy, there is a two to three times increased of breakdown likely linked to salivary gland damage, and at > 60 Gy, there is a ten times increased risk of tooth breakdown suggesting there is radiation-induced damage to the tooth in addition to salivary gland indirect effects. Thus, it is important to understand radiotherapy-induced tooth structure changes that might lead to dentition breakdown.
A dramatic increase in the number of oral cancer patients [9] has led to studies which attempt to understand the potential impact of therapeutic radiation on the mechanical properties [10] [11] [12] [13] [14] and chemical composition of mineralized tooth substrates [15] [16] [17] . It has been noted that dentin is weakened after in vitro radiation and loses its ability to support the covering enamel [13] . This could be one of the possible explanations for the clinical observation of enamel loss [14, 17] . At the same time, under normal occlusal loads, the dentin-enamel junction (DEJ) destabilizes in caries-resistant regions, i.e., incisal/occlusal and cervical. This likely results in microcrack formation of enamel or gap formation at DEJ, leading to extreme bacterial colonization and severe caries [14] . It is also reported that in vitro irradiation affects the mechanical and chemical properties of enamel [10] [11] [12] [13] 16] . To date, the impact of radiotherapy on mechanomorphological properties of dental enamel in oral cancer patients remains unclear and the in vivo effects of high dose therapeutic radiation on teeth are lacking within the literature. Recently, our group reported type VII and type IV collagen as constituents of the enamel organic matrix that plays a role in the stability of the DEJ [18] [19] [20] [21] . Likewise, we also reported that type IV collagen immunoreactivity within the enamel organic matrix was reduced following radiotherapy in oral cancer patients [21] . As a continuation of our research focus, we designed the in vitro and in vivo studies to evaluate therapeutic radiation effects on the mechanomorphological properties of dental enamel to better understand the mechanism of enamel delamination associated with oral cancer radiotherapy. In this study, enamel microhardness and associated indentation pattern morphology was analyzed at three regions (inner, middle, outer) of enamel by using Vickers hardness test and scanning electron microscopy (SEM). The hypothesis tested was that the mechanomorphological properties of dental enamel would change following in vivo and in vitro irradiation.
Materials and methods
Non-carious posterior teeth (n = 6) previously extracted from individuals 18-23 years old were collected according to a protocol approved by an institutional review board (IRB13-924NHS). Because these extracted teeth were not associated with any patient identifiers, their use in the project was categorized as not human subject research by the IRB. Half the teeth were assigned to the non-radiated control group and the other half to the in vitro irradiated group. Using an in vitro oral cancer radiotherapy model, we exposed the in vitro group to a cumulative dose of 70 Gy (2 Gy/day × 5 days/week × 7 weeks). In vitro radiation exposure was done using a Varian 2100iX linear accelerator with an energy of 6 MV photons (Kansas City Cancer Centers, Kansas City, KS).
Additionally, another group of posterior extracted teeth (-in vivo irradiated group) was collected from three patients, who had previously undergone radiotherapy for oral cancer. The tooth collection protocol, which was approved by an institutional review board (IRB13-143), included informed consent explaining to the patient how their extracted teeth and radiotherapy records could potentially be used in a research project to better understand the effects of radiotherapy on tooth structure and dentition breakdown. Based on radiotherapy treatment records, tooth-level radiation doses were calculated for the crown of each tooth with doses > 60 Gy. For all extracted teeth, excess soft tissue was removed and the teeth were stored at 4°C in phosphate buffered saline (PBS, pH 7.4) with 0.002% sodium azide to inhibit microbial contamination prior to any testing.
A slow-speed water-cooled diamond saw (Buehler Ltd., Lake Bluff, IL, USA) was used to remove the roots approximately 5-6 mm below the cementoenamel junction (CEJ). Teeth were sectioned buccolingually and then mesiodistally to generate quarters. A portion of the previously sectioned root surface of each quarter section was removed at a 45°angle with respect to the tooth axis leaving approximately 1-2 mm of the remaining root below the CEJ. Each quarter was then sectioned into a 2-mm thick enamel section running diagonally from the CEJ to the cusp tip (Fig. 1) . This detailed tooth specimen sectioning protocol was used to ensure that the enamel rods were uniformly oriented perpendicular to the enamel cut surface and the direction of microhardness testing.
Sections were embedded with a cold-curing epoxy resin (EpoxiCure 2, Buehler, Lake Bluff, IL, USA) and were then polished using a motorized polishing wheel (Metaserv, Buehler, Lake Bluff, IL, USA) with silicon carbide paper sequentially from 400 to 1200 grit. Specimens were rinsed with distilled water and sonicated for 1-2 min between each grade of SiC paper and examined at ×20 magnification to confirm their smoothness.
It is reported that enamel microhardness values measured either by Vickers or Knoop microhardness testers are within the same range [22] . However, Vickers hardness number (VHN) values of enamel are not affected by variation of indentation loads while Knoop hardness of enamel shows load dependency [22] . In this study, to compare with reported enamel microhardness, which were obtained at different indentation loads, Vickers microhardness tester was used. A microhardness tester (MO Tukon, Wilson Instrument Division, Bridgeport, CT, USA) with a pyramidal diamond indenter at constant load of 500 gf with a 12-s dwell time was used to perform Vickers indentation. Microhardness of enamel was measured in three regions, namely inner enamel, middle enamel, respectively 50 μm and 200 μm from the DEJ, and outer enamel with a distance 200 μm from outer surface of enamel. At least 17 indentations with a minimum distance of 200 μm between indents were made at each of the three regions per specimen in each experimental group.
Following microindentation testing, scanning electron microscopy (SEM) images (FEI-XL30, FEI Company, Hillsboro, OR) were made of the uncoated tooth sections using 15 kV at ×1000 magnification and gaseous secondary electron detector (GSE). SEM images were used to generate hardness values, confirm enamel rod orientation (perpendicular to the cut Fig. 1 Tooth specimen preparation for microhardness testing. a After the root of each tooth was removed 5-6 mm below the CEJ, each tooth was sectioned buccolingually and then each half was sectioned mesiodistally resulting in four quarter sections. b A portion of the previously sectioned root surface of each quarter section was removed at a 45°angle with respect to the tooth axis leaving approximately 1-2 mm of the remaining root below the CEJ. c Each quarter was sectioned diagonally starting approximately 2 mm from the CEJ to the cusp tip. d A 2-mm thick specimen was obtained by sectioning again diagonally at the CEJ surface), and characterize microindentation patterns. Vickers hardness number (VHN) was calculated as the load divided by the surface area of indentation:
Where F is the applied load (kg), α is apex angle (136°), and d is the average length of the diagonal (mm) and which was measured with the image analysis software Image J (National Institutes of Health; Bethesda, MD). For each experimental group, overall mean microhardness and standard deviation (SD) were calculated at each region (inner, middle, outer). Microhardness data was compared using a univariate analysis of variance and Tukey's post hoc analyses with statistical significance set at α = 0.05. For any significant differences, the associated power was also reported. The energy dissipation which reflects the material toughness [23] was interpreted based on the comparison of microindentation patterns and analyzed using non-parametric Kruskal-Wallis and Mann-Whitney post hoc tests at a significance level of 0.05.
Results

Enamel microhardness
Means and standard deviations of Vickers hardness test are shown in Fig. 2 . In all three groups, microhardness increased gradually from inner to outer enamel. At all enamel locations, microhardness values decreased following in vitro and in vivo irradiation as compared to the control group; however, this reduction was significant (p < 0.05) only in middle and outer enamel. Moreover, the microhardness in outer enamel was significantly lower (p < 0.05) in the in vivo irradiated group as compared to the in vitro irradiated. With the detected significant reductions in microhardness, associated study power ranged from 0.96 to 1.0, which is considered very good power [24] .
Morphology and structural characterization SEM micrographs of uncoated specimens revealed throughout the section from inner to outer enamel that rods were oriented uniformly perpendicular to the surface and parallel to the axial section (Fig. 3) . SEM analysis of Vickers indentations revealed two different patterns: pattern A demonstrating the presence of microcracks plus microdamage around the indent periphery; and pattern B showing clean, sharp indents (Fig. 3 ). Microcracks and uncracked ligament bridging are the common toughening mechanisms in biocomposite materials such as bone and tooth [25, 26] . Throughout enamel, in the control group, pattern A was demonstrated in approximately 70% of the indents and pattern B was observed in about 30%, as shown in Table 1 . Following either in vitro or in vivo radiation, all regions showed a significantly higher (p < 0.05) percentage of pattern B as compared to the percentage of pattern B in the control group.
Discussion
To evaluate the impact of high-dose oral cancer radiotherapy on the mechanomorphological properties of human enamel, this is the first study to include in vivo irradiated specimens (tooth radiation dose > 60 Gy) in addition to in vitro irradiated specimens (70 Gy dose). Results of this study show that enamel microhardness decreased following in vivo and in vivo irradiation, which is in good agreement with other in vitro studies [11, 12, 27] . In contrast, it has also been reported that enamel microhardness increased following in vitro irradiation [13] ; however, this could be related to the type of teeth evaluated, i.e., deciduous teeth were used in that study. In two other studies, enamel microhardness did not change after in vitro irradiation [16, 28] , which could be related to differences in irridation or testing protocols. For example, in the current study, a cumulative dose of 70 Gy (2 Gy/day × 5 days/week × 7 weeks) was used to mimic the clinical situation, in contrast to a single tooth dose of 35 to 70 Gy of Co irradiation [28] . Similary, there are testing protocol differences as compared to another study [16] in which enamel specimens were sectioned perpendicular to their oral surface and the hardness of the exposed external surface was tested; while in the current study, specimens were sectioned differently and microhardness of enamel was tested at three different depths.
As already suggested, contrary reports about the effect of radiotherapy on enamel hardness may be partially due to the lack of a standard methodology in microhardness testing. The differences could potentially be related to variations in testing methods or anisotropic mechanical properties. Nanoindentation studies indicate that the mechanical properties of enamel are dependent upon rod orientation. It was observed that hardness and Young's modulus increased when rods were perpendicular to the direction of testing [29] [30] [31] . Despite the growing recognition of enamel rod orientation in mechanical properties, the effect of this parameter has not yet been considered in microhardness testing. In previous studies, it has been reported rods were oriented parallel to the cut surface by sectioning the teeth buccolingually or mesiodistally [10, 13, 32, 33] . However, if , c) , across enamel regions~70% of the microindentations were pattern A-with microcracks around the indent periphery (white arrows) and uncracked ligament bridging (black arrows). In the in vitro irradiated (a', b', c') and in vivo irradiated (a^, b^, c^) groups, there was a higher percentage of pattern B-sharp, clean microindentations at all three enamel regions of enamel as compared to the control group pattern B percentages (see Table 1 ). As noted across images, enamel rods were oriented perpendicular to the cut surface in all three regions Pattern A-presence of microcracks plus microdamage around the indent periphery Pattern B-clean, sharp indents with minimal microcracks or microdamage around indent a Across enamel regions, the percentage of pattern B was significantly (p < 0.05) higher in in vitro and in vivo irradiated specimens as compared to the percentage of pattern B observed in the control specimens enamel measurements are to be made across that cut surface, rods are relatively parallel to one another at the occlusal surface but become decussated and oriented irregularly as they progress toward the DEJ [34] . Thus, the rod orientation at the surface is not homogenous and measurements at varying locations across enamel may not be internally comparable. To overcome this limitation, our group focused on developing a novel protocol to obtain homogenous microstructure of enamel specimens where all rods across enamel appeared perpendicular to the cut surface (Fig. 3) . It was found that when the rods were oriented uniformly perpendicular to the cut surface, there is no or little enamel dislodgement from the surface after the indentation, which could affect the Vickers indentation pattern and microhardness measurements [35] .
In the current study, following in vitro and in vivo irradiation, there was a significant decrease (p < 0.05) in microhardness in middle and outer enamel as compared to the nonradiated control group. The post-radiotherapy microhardness reduction is in agreement with previous in vitro studies [11, 12, 27] ; however, those studies did not specify the location where measurements were done within enamel. As a complex bioceramic tissue, enamel has a hierarchical structure with a naturally graded micro-composition resulting from the unique molecular and cellular activities occurring during organogenesis. Functionally graded properties of enamel can be attributed to its elemental composition [36] . Enamel is a highly mineralized tissue [37] consisting predominantly of carbonated hydroxyapatite (96%) with 3% water and a very small amount of organic matrix (~1% wt.) [38] . Organic matrix [18, 39, 40] and water [41, 42] are more abundant at the DEJ zone near inner enamel while mineral contents gradually decrease from outer enamel toward the DEJ [43] . Thus, the effect of radiotherapy may vary from outer enamel to inner enamel and is dependent upon the localized micro-composition. As mentioned previously, following in vitro and in vivo irradiation, the hardness of enamel was decreased. This trend was similar throughout enamel in all three regions; however, this reduction was not statistically significant in enamel close to the DEJ where organic content is more prominent.
The reduction of enamel hardness following irradiation can potentially be explained by decarboxylation and demineralization that was reported in a previous study that developed a molecular level model to explain detailed changes in mineralized tissue following irradiation [44] . It was shown that protein matrix side chain carboxylation groups involved with the coordination of apatite bound calcium ions are partially removed by decarboxylation following irradiation [44] . It is believed that the interaction between the organic matrix and apatite crystals is electrostatic in nature involving protein side chain carboxylate groups and apatite phosphate groups via calcium ion bridges. High-dose radiotherapy exposure of teeth, > 60 Gy, could provide sufficient excitation energy to induce decarboxylation and a loss of acidic phosphate groups.
The mineral-organic interaction between protein and collagen is reduced, and the development of carbon dioxide may induce microcracks in the hydroxyapatite mineral. The decarboxylation-related changes on a molecular level may affect the mineral content, composition, structure, and subsequently enamel mechanical properties.
Furthermore, the fact that the organic content in enamel is restricted to the innermost part of the tissue, while middle and outer enamel are composed more of mineral content, suggests that decarboxylation cannot be the only reason for reduction of hardness. As shown in Fig. 2 , while outer enamel microhardness was significantly lower than the non-radiated control group in both the in vitro and in vivo irradiated groups, outer enamel microhardness was significantly (p < 0.05) lower in the in vivo group as compared to the in vitro group. While these results suggest that the lower enamel microhardness of the in vitro irradiated specimens is related to a direct effect of radiation, the even lower microhardness of the in vivo irradiated specimens is likely multifactorial with direct radiation effects plus indirect effects from radiation-induced xerostomia, which also plays a role in dentition deterioration [1] [2] [3] [4] . Following xerostomia, pH levels in the mouth change and create an acidic environment which leads to an increased potential for demineralization.
In our study, while the hardness of inner enamel 50 μm from the DEJ decreased following in vitro and in vivo irradiation, this reduction was not significant as compared to the control group. A previous study reported that in addition to the effect on the organic content of enamel, radiation also decreased the water content in the inner enamel [45] . It is known that dehydration has an effect on mechanical properties and increases enamel hardness [46, 47] . The contradictory effects of radiation resulting from decarboxylation and dehydration in inner enamel might potentially be one of the reasons why the hardness reduction was not statistically significant in enamel closest to the DEJ. Another possible reason may be due to the high standard deviation of the Vickers hardness measurements in the inner enamel region. The higher standard deviations may due to a high intrinsic variability of enamel near the DEJ. As a broad transitional and anatomic region [48] , the DEJ zone is a few micrometers wide [49] [50] [51] and the Vickers indenter which produces a relatively big footprint may not be sensitive enough to detect differences in detailed information from the complex region of enamel near the DEJ.
To better understand post-radiotherapy changes linked to pathologic enamel delamination, the mechanomorphological properties of enamel were also evaluated by analyzing the microindentation patterns. SEM imaging revealed that microindentation induced microcracks around the indentation periphery in non-radiated specimens (Fig. 3a-c) , and interestingly, these microcracks were not visible following in vitro and in vivo irradiation in a majority of the specimens (Fig. 3a'-c^) . As shown in Table 1 , following in vitro and in vivo irradiation, the percentage of sharp clean indentations (pattern B) was higher (p < 0.05) in all enamel regions as compared to the control group. The highest percentage of pattern B, 65%, was observed in inner enamel close to the DEJ following in vivo radiation. A biocomposite mineralized material such as enamel might be compared to bone because of their structure and directional properties [52] . Like bone, microstructural and compositional features of enamel have a great impact on sustaining mechanical properties. Microcrack generation and uncracked ligament bridging as noted in Fig. 3a-c control (non-radiated) specimens are mechanisms to dissipate energy and are known key contributors to toughening biomaterials such as bone [9, 26, [53] [54] [55] and tooth [25, 32] . It was found that the fracture toughness of bone increased as microcracks grew [56, 57] . However, it should be emphasized that although the initiation of microcracks is a way of dissipating energy, the suppression of crack growth has to be considered in order to prevent failure [58] . The presence of sharp clean microindentations with the absence of microcracks following radiation suggests that enamel loses energy dissipation efficiency and becomes more brittle. Likewise, it was reported that embrittlement increased in mineralized tissue following X-ray irradiation by the removal of calcium-mediated electrostatic binding of collagen side chain carboxylate groups to apatite phosphate groups [44] . Moreover, as stated before, water plays a critical role in sustaining the mechanical properties as well as toughness of bone and enamel. Dehydration following radiation could lead to a decrease in toughness of teeth [29, 30] and bone [59, 60] , and it could be associated with an increased embrittlement of the enamel. However, to confirm the reduction of the toughness following radiation, future quantitative fracture toughness measurement is needed.
Our results suggest the determinant effect of in vitro and in vivo radiotherapy on the mechanomorphological properties of enamel is dependent upon the localized micro-composition of enamel and resulted in changing the natural graded properties of enamel. It appears that following in vitro and in vivo irradiation, inner enamel may be more affected due to dehydration and decarboxylation of tissue making inner enamel more brittle, while the middle and outer edges of enamel may be more affected by demineralization causing these regions to become softer. Moreover, our group previously reported that following radiation, there was a decrease in the enamel protein/mineral ratio near the DEJ [15] as well as a reported post-radiotherapy decrease in immunoreactivity of type IV collagen that is localized near the DEJ [21] . Collectively, radiotherapy appears to play a role in the alteration of the enamel microcomposition and its subsequent graded properties. Therefore, the hypothesis that mechanomorphological properties of dental enamel would change following in vivo and in vitro irradiation could be accepted.
As always, there are limitations with all studies. For example, although the age of the non-radiated and in vitro irradiated tooth specimens was from patients within the same age range, we could not control for the age of the in vivo irradiated teeth from oral cancer patients. In order to maintain equal evaluation groups for statistical testing, the sample size in this study was also limited due to the significant limitation of collecting in vivo irradiated teeth from oral cancer patients. Typically, due to potential complications such as post-extraction radionecrosis of the jaws, teeth are not extracted until they are not restorable and as a result, those teeth/fragments cannot be evaluated. However, despite the limited sample size, statistically significant differences were detected in conjunction with good study power ranging from 0.96 to 1.0. Nevertheless, further studies are needed to elucidate the mechanism whereby radiation alters the ultra-structure of enamel.
Conclusions
Radiation-related caries is a multifactorial problem with contributory factors that include indirect radiotherapy effects on the salivary glands leading to xerostomia as well as previously reported direct radiotherapy effects on mineralized tooth structure. In this study, we evaluated and compared the effects of both in vivo and in vitro irradiation on the mechanomorphological properties of enamel. Our results showed enamel microhardness decreased in all regions of enamel following in vivo and in vitro irradiation; however, this reduction was significant (p < 0.05) only in middle and outer enamel. Likewise, following in vivo and in vitro irradiation, significant changes in the microindentation patterns throughout the enamel sections suggest that enamel loses energy dissipation efficiency and becomes more brittle. Based on the current results, we speculate that high-dose oral cancer radiotherapy induces a negative impact on enamel mechanomorphological properties, which could be one of the contributing factors for post-radiotherapy pathologic enamel delamination that initiates near the DEJ leading to resultant radiation-related caries.
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